Patients with primary progressive aphasia (PPA) vary considerably in terms of which brain regions are impacted, as well as in the extent to which syntactic processing is impaired. Here we review the literature on the neural basis of syntactic deficits in PPA. Structural and functional imaging studies have most consistently associated syntactic deficits with damage to left inferior frontal cortex. Posterior perisylvian regions have been implicated in some studies. Damage to the superior longitudinal fasciculus, including its arcuate component, has been linked with syntactic deficits, even after gray matter atrophy is taken into account. These findings suggest that syntactic processing depends on left frontal and posterior perisylvian regions, as well as intact connectivity between them. In contrast, anterior temporal regions, and the ventral tracts that link frontal and temporal language regions, appear to be less important for syntax, since they are damaged in many PPA patients with spared syntactic processing.
Introduction
In primary progressive aphasia (PPA), degeneration of dominant hemisphere language regions leads to progressive language deficits, with relative sparing of other cognitive functions (Gorno-Tempini et al., 2011; Mesulam, 1982 Mesulam, , 2001 . There is considerable variability in which specific regions are affected. Consequently, individuals with PPA vary greatly in the extent to which different aspects of language, such as syntactic processing, are impacted. The aim of this paper is to provide a brief review of the literature on the neural basis of syntactic deficits in PPA.
There are three widely recognized variants of PPA: non-fluent, semantic and logopenic (Gorno-Tempini et al., 2004 . Nonfluent PPA is characterized by agrammatism and/or apraxia of speech (Grossman et al., 1996; Hodges & Patterson, 1996) . In this review, we use the term non-fluent to refer to a clinically defined variant (Gorno-Tempini et al., 2011) ; it is important to note that the traditional concept of fluency is multifactorial and does not always provide a good basis for classifying PPA patients (Thompson et al., 2012a; Wilson et al., 2010b) . In semantic PPA (for which diagnostic criteria mostly overlap with those for semantic dementia; Neary et al., 1998) , loss of lexical and semantic knowledge is the most salient feature (Hodges, Patterson, Oxbury, & Funnell, 1992; Snowden, Goulding, & Neary, 1989; Warrington, 1975) . Logopenic PPA is characterized by phonological and word-finding problems (Gorno-Tempini et al., 2004 Henry & Gorno-Tempini, 2010) . Each variant has a characteristic pattern of atrophy ( Fig. 1 ) (Gorno-Tempini et al., 2004) , and each variant is associated with different likelihoods of underlying pathologies (Davies et al., 2005; Josephs et al., 2008; Mesulam et al., 2008; Snowden, Neary, & Mann, 2007; Snowden et al., 2011; see Grossman (2010) and Henry, Wilson, and Rapcsak (2012) for review).
In this review, we begin with a brief discussion of syntactic deficits and how they are typically assessed in PPA. Then we examine the nature and extent of syntactic deficits, if any, along with structural and metabolic imaging findings for each of the three variants in turn. We then discuss morphometric studies that have examined relationships between atrophy and syntactic deficits irrespective of variant. These studies are particularly important because there is considerable heterogeneity among patients diagnosed with each variant, and furthermore, the progressive nature of PPA implies that patients' language functioning changes significantly over time (Kertesz, Davidson, McCabe, Takagi, & Munoz, 2003) . We then discuss functional imaging and diffusion tensor imaging studies, before concluding with a summary of the brain areas linked to syntactic deficits in PPA, and suggestions for future directions.
Assessment of syntactic deficits in PPA
We define syntactic processing as the ability to implicitly generate hierarchically structured representations of sentences, and to use function words and inflectional morphology to express grammatical categories such as number, definiteness, tense and aspect. Syntactic deficits can be defined as limitations in syntactic processing, which may be manifest in production, in comprehension, or most typically, in both production and comprehension. Core syntactic deficits would by definition affect both production and comprehension, and across a population of PPA patients, deficits in the production and comprehension of syntax are highly correlated . However dissociations between production and comprehension may occur in principle, reflecting either impairments in peripheral processes, or partially distinct neural substrates for the production and comprehension of syntax.
Two patterns of syntactic production deficits are often recognized in the aphasiology literature: agrammatic and paragrammatic. The core features of agrammatic speech are omissions of function words and morphemes, reduced complexity of syntactic forms, and ungrammatical utterances, whereas paragrammatic speech is characterized by ''unacceptable juxtapositions of phrases and misuse of words'' (Goodglass, Christiansen, & Gallagher, 1994, p. 598) . We consider both patterns to be indicative of syntactic deficits, though the underlying causes may be different (Goodglass, Christiansen, & Gallagher, 1993) .
In PPA, syntactic production has most commonly been assessed by quantitative analysis of connected speech samples (Ash et al., 2006 (Ash et al., , 2009 Bird, Lambon Ralph, Patterson, & Hodges, 2000; Graham, Patterson, & Hodges, 2004; Knibb, Woollams, Hodges, & Patterson, 2009; Meteyard & Patterson, 2009; Orange, Kertesz, & Peacock, 1998; Patterson, Graham, Lambon Ralph, & Hodges, 2006; Patterson & MacDonald, 2006; Rogers & Alarcon, 1998; Thompson, Ballard, Tait, Weintraub, & Mesulam, 1997; Thompson et al., 2012a; Wilson et al., 2010b) . This approach provides a rich description of a patient's capacity to correctly produce syntactic structures, but it has several disadvantages. One is that it is relatively unconstrained, so patients may differ in the extent to which they attempt structures that may be challenging. Therefore the same degree of syntactic impairment could result in syntactic errors in one patient, but simplified utterances in another (Wilson et al., 2010b) . To circumvent this limitation, several recent studies have used constrained speech production tasks in which targeted sentence structures are primed or elicited (DeLeon et al., submitted for publication; Thompson et al., in press ). The second limitation of connected speech analysis is that motor speech deficits are often prominent in non-fluent PPA and can complicate the quantification of syntactic deficits; indeed, some patients are mute and cannot produce connected speech at all. To assess syntax in patients without intact speech production, Weintraub et al. (2009) have proposed the Northwestern Anagram Test, in which patients are asked to assemble printed words to describe pictures. Some patients performed better on this test than they did on a constrained speech production task, revealing a greater command of sentence structure than was otherwise apparent .
Syntactic comprehension has most often been assessed with sentence-picture matching tasks, in which the patient hears (or reads) a sentence and has to select a matching picture from an array containing foils. Examples include the Test for Reception of Grammar (Bishop, 1983) and the Curtiss-Yamada Comprehensive Language Examination (Curtiss and Yamada, unpublished test). However some of the tests that have been used were not designed for patients with PPA. They contain lexical items that can be challenging for patients with semantic PPA in particular, and they require choices among multiple possible responses, making considerable demands on working memory and executive processes. We have proposed a sentence-picture matching task that uses only high-frequency lexical items and has only one foil per item, making it more suitable for patients with PPA (Wilson et al., 2010a . Another approach that may also reduce executive demands is to present a sentence, then ask patients a probe question that tests syntactic comprehension (Grossman, Rhee, & Moore, 2005) .
Even optimized versions of ''offline'' tasks such as these make considerable demands on working memory and executive processes, which can complicate interpretation of observed deficits. Moreover, syntactic processing takes place rapidly in real time, and many aspects can therefore only be studied in real time (Friederici, 2002) . Several researchers have employed online tasks with PPA patients Peelle, Cooke, Moore, Vesely, & Grossman, 2007; Tyler, Moss, Patterson, & Hodges, 1997) . For instance, in normal participants, detection of a target word is slower immediately following a syntactic violation (Marslen-Wilson & Tyler, 1980 ). This and similar paradigms have been used to investigate abnormal syntactic processing in PPA patients Peelle et al., 2007; Tyler et al., 1997) , with the advantage that there is less of an impact of other processes such as working memory and executive function.
3. Non-fluent variant PPA 3.1. Syntax in non-fluent PPA Early clinical studies reported that non-fluent PPA patients produce agrammatic speech (Grossman et al., 1996; Hodges & Patterson, 1996; Mesulam, 1982; Snowden, Neary, Mann, Goulding, & Testa, 1992; Weintraub, Rubin, & Mesulam, 1990) . These early studies typically classified PPA patients as fluent versus non-fluent, potentially including in the non-fluent group patients who would now be classified as logopenic. Recent studies have mostly recognized three variants, permitting more specific findings relating to each variant. A detailed picture of syntactic production deficits in non-fluent PPA has emerged from a number of studies that have quantified syntactic structures produced and syntactic errors in connected speech samples (Ash et al., 2006 (Ash et al., , 2009 Graham et al., 2004; Knibb et al., 2009; Thompson et al., 1997 Thompson et al., , 2012a Wilson et al., 2010b) . These studies have shown that utterances produced by many non-fluent PPA patients are characterized by omissions of grammatical words and morphemes such as determiners, auxiliaries and verbal inflections, reduced access to verbs, incorrect argument structures, and decreased utterance length and complexity. All of these features become more severe as the disease progresses (Thompson et al., 1997) . Elicited syntactic production studies have supported these findings, revealing particular difficulties with inflectional morphology, embeddings, and passive constructions (DeLeon et al., submitted for publication; Thompson et al., in press). However, these studies have also revealed that not all patients diagnosed with non-fluent PPA produce frankly agrammatic speech (Graham et al., 2004; Knibb et al., 2009; Wilson et al., 2010b) . In some patients, non-fluency is associated instead with apraxia of speech, reduced length of utterances and/or lack of embeddings. We note that according to recent consensus criteria, diagnosis of non-fluent PPA requires either agrammatism or apraxia of speech; although these often co-occur, the criteria do not require that both are present (Gorno-Tempini et al., 2011) .
Patients with non-fluent PPA are also impaired in the comprehension of syntactically complex sentences (Gorno-Tempini et al., 2004; Grossman et al., 1996 Hodges & Patterson, 1996; Snowden et al., 1992; Weintraub et al., 1990; Wilson et al., 2010a) . For instance, Grossman et al. (1996) used sentence-picture matching and oral and written comprehension probe tasks to show that non-fluent patients perform quite well with simple sentences (reflecting relatively intact single word comprehension), but perform more poorly with complex syntactic structures such as subordination and center embedding.
Online syntactic processing studies have also demonstrated abnormal syntactic processing in non-fluent PPA patients. In a target detection task, patients with non-fluent PPA did not show any delay for targets that immediately followed syntactic violations, unlike control participants Peelle et al., 2007) . In one study, non-fluent patients instead showed a delay four syllables later than the syntactic violation, a time frame in which normal participants showed no delay , suggesting delayed syntactic processing in non-fluent PPA. Non-fluent patients did however show normal slowing following thematic (semantic) violations, indicative of the selective nature of the syntactic deficit (Peelle et al., 2007) .
In sum, the majority of non-fluent PPA patients show syntactic deficits in production, comprehension, and online syntactic tasks.
Atrophy in non-fluent PPA and its relation to syntax
Non-fluent PPA is associated with atrophy of left frontal and, to a lesser extent, posterior perisylvian cortex. Early neuroimaging studies reported diffuse left perisylvian atrophy and/or hypometabolism, with frontal and temporal cortex both typically implicated (Hodges & Patterson, 1996; Snowden et al., 1992) .
The development of high resolution MRI and quantitative analytical methods such as voxel-based morphometry (VBM) and cortical thickness measures have led to more anatomically specific findings. In a study including 11 patients with non-fluent PPA, Gorno-Tempini et al. (2004) used VBM to localize the most significant volume loss to the left inferior frontal gyrus, precentral gyrus, frontal operculum, and basal ganglia. The primary involvement of left frontal cortex has been confirmed in recent studies using cortical thickness measures Rogalski et al., 2011b; Sapolsky et al., 2010) . Hypometabolism is also most prominent in left frontal regions (Josephs et al., 2010; Nestor et al., 2003) .
Most studies have also reported atrophy in posterior left perisylvian regions including the superior temporal gyrus and sulcus and the temporo-parietal junction (Gunawardena et al., 2010; Mesulam et al., 2009; Rogalski et al., 2011b; Rohrer et al., 2009; Sapolsky et al., 2010; Wilson et al., 2010b) . In the majority of these studies, posterior atrophy is considerably less extensive than frontal atrophy Rogalski et al., 2011b; Sapolsky et al., 2010; Wilson et al., 2010b) . Longitudinal studies have shown that posterior perisylvian regions are increasingly impacted as the disease progresses (Rogalski et al., 2011b; Rohrer et al., 2009) .
Taken together with the findings of syntactic deficits in non-fluent PPA outlined in the previous section, these anatomical findings suggest that atrophy of left frontal, and to a lesser extent, left posterior perisylvian cortex, is associated with syntactic deficits. However, as noted above, non-fluent patients vary considerably in the degree to which they present with syntactic deficits. In a study of 8 patients with non-fluent PPA, Gunawardena et al. (2010) reported that reduced production of complex structures was correlated with atrophy of a region overlapping left inferior frontal cortex and the adjacent superior temporal gyrus. In section 6, we discuss studies which have related regional atrophy to syntactic measures irrespective of PPA variant diagnosis.
Semantic variant PPA

Syntax in semantic PPA
In most patients with semantic variant PPA, syntactic processing is strikingly spared. In Warrington's (1975) initial description of three patients with semantic PPA, two of the three patients were described as conversing fluently, and the other's syntax was described as ''slightly impaired''. Sentence comprehension was intact subject to limitations of vocabulary. On a 15-item version of the Token Test (De Renzi & Vignolo, 1962) , which requires following commands of varying degrees of syntactic complexity, the patients scored 15, 13, and in the case of the slightly impaired patient, 10. Subsequent studies have confirmed Warrington's original observations that syntax is largely spared in semantic PPA. Snowden et al. (1989 Snowden et al. ( , 1992 reported syntax to be normal in patients with semantic PPA. Hodges et al. (1992) studied five patients with semantic PPA. In four of the patients, both production and comprehension of syntax were normal, with scores on a 36-item version of the Token Test ranging from 34 to 35, and scores on the 80-item Test for Reception of Grammar (Bishop, 1983) ranging from 76 to 78. The fifth patient showed normal syntax in production, and only occasional deficits in comprehension of syntax. Gorno-Tempini et al. (2004) studied 10 patients with semantic PPA and found that they performed well on syntactic tests: mean 73/80 on sequential commands from the Western Aphasia Battery (Kertesz, 1982) , and 51/ 55 on the syntactic comprehension component of the Curtiss-Yamada Comprehensive Language Examination (Curtiss & Yamada, unpublished test).
In an online task testing sensitivity to syntactic violations, semantic variant patients showed post-violation slowing and recovery that was indistinguishable from normal control participants . Semantic variant patients also performed normally at detecting syntactic violations in a grammaticality judgment task (Cotelli et al., 2007) . Patients with semantic PPA can even use syntactic information to aid interpretation of lost lexical items (Breedin & Saffran, 1999; Schwartz, Marin, & Saffran, 1979) . Syntactic information pertaining to lexical items, such as argument structure, and the mass/count distinction, appears to be largely retained even when the semantic content of items is lost (Breedin, Saffran, & Coslett, 1994; Garrard, Carroll, Vinson, & Vigliocco, 2004; Saffran & Schwartz, 1994; Taler, Jarema, & Saumier, 2005) .
Despite the robust body of evidence for preservation of syntax in semantic PPA, subtle syntactic deficits do nevertheless emerge as the disease progresses. Quantitative studies of connected speech in semantic PPA have revealed that semantic PPA patients make subtle syntactic errors (Meteyard & Patterson, 2009; Wilson et al., 2010b) . These errors are mostly paragrammatic rather than agrammatic (Wilson et al., 2010b) ; predominant error types include substitutions of closed class words and bound morphemes (Meteyard & Patterson, 2009 ). Rochon, Kave, Cupit, Jokel, and Winocur (2004) presented a longitudinal case study of a semantic variant patient in whom syntactic comprehension remained remarkably intact, with the exception of relatively poor performance on passives on the final occasion she was tested. Benedet, Patterson, Gomez-Pastor, and Garcia de la Rocha (2006) described a patient who comprehended syntactically complex sentences well, but became increasingly unable to produce complex syntactic structures. When declines in syntactic processing occur late in the course of the disease, syntax always remains relatively preserved in relation to lexical and semantic knowledge.
Atrophy in semantic PPA and its relation to syntax
Semantic PPA is characterized by atrophy of the anterior temporal lobes (Hodges et al., 1992) . Damage is typically bilateral, but is usually more extensive in the left hemisphere. Studies using VBM or cortical thickness measures have shown that the regions affected are the temporal pole, inferior and middle temporal gyri, anterior fusiform gyrus, amygdala, hippocampus and entorhinal/ perirhinal cortices (Chan et al., 2001; Galton et al., 2001; GornoTempini et al., 2004; Mesulam et al., 2009; Mummery et al., 2000) . Atrophy can be profound; it is not uncommon to see volume loss of 50% or greater in the anterior temporal lobes. These temporal lobe regions that are atrophic are also hypometabolic (Diehl et al., 2004; Drzezga et al., 2008; Josephs et al., 2010) . The fact that syntactic processing is relatively spared in semantic PPA suggests that anterior temporal cortex, in particular the more inferior part, is not crucial for syntax.
The limited syntactic deficits that are observed in semantic PPA may be a consequence of degraded lexical/semantic representations (Benedet et al., 2006; Breedin & Saffran, 1999; Meteyard & Patterson, 2009; Rochon et al., 2004) , or they may constitute an independent deficit as atrophy spreads over time. Bright, Moss, Stamatakis, and Tyler (2008) performed a longitudinal study and showed that one of the two semantic PPA patients they studied developed syntactic deficits over time. This was accompanied by an extension of atrophy into posterior perisylvian cortex, which did not occur in the other patient. Peelle et al. (2008) used VBM to identify regions where tissue volume was correlated with comprehension of syntactically complex sentences specifically in 8 patients diagnosed with semantic PPA. A mid-posterior lateral temporal region was both atrophic in the semantic PPA group and correlated with syntactic comprehension performance in that group.
These two studies suggest that some syntactic deficits in semantic PPA might reflect posterior spread of atrophy into posterior perisylvian regions important for syntactic processing, and might constitute a second deficit, in addition to the primary lexical/semantic deficit.
Logopenic variant PPA
Syntax in logopenic PPA
Patients with logopenic PPA speak slowly, with syntactically simple but largely correct sentences (Gorno-Tempini et al., 2004 . They are by no means agrammatic. However, an analysis of their connected speech has shown that they produce many paragrammatic errors (Wilson et al., 2010b) . Their speech is also characterized by frequent ''retracings'', in which the patient stops what they are saying, and goes back to phrase the sentence differently. Across patients, the frequency of syntactic errors and retracings were correlated. This suggests that the stop-start nature of these patients' speech, along with documented limitations of verbal working memory (Gorno-Tempini et al., 2004 Rohrer et al., 2010 ) may be responsible for many of the syntactic errors.
In tests of syntactic comprehension, logopenic PPA patients perform even more poorly than non-fluent patients, despite the fact that they are not agrammatic (Amici et al., 2007; Gorno-Tempini et al., 2004 . We have recently collected data suggesting that logopenic patients' poor comprehension of syntactically complex sentences may be due to the verbal short-term memory demands of sentence comprehension tests. We presented a sentence comprehension task with short and long sentences that varied in syntactic complexity to 5 patients with logopenic PPA and 8 patients with non-fluent PPA (see Wilson et al., 2010a for methodological details; the data on the logopenic patients have not been previously reported). Patients with logopenic PPA performed well on all short sentences, even those that included passive constructions that were problematic for non-fluent patients (Fig. 2) . However the logopenic patients performed poorly on the long sentences, which pose a greater working memory load.
As mentioned above, some patients who would now be considered logopenic were classified as non-fluent in earlier studies. For instance, thanks to the comprehensive data provided by Thompson et al. (1997) , it can be inferred that their subject 2 was logopenic. These authors recognized that subject 2 exhibited a different pattern from the other three subjects. Subsequently this patient showed Alzheimer's pathology at autopsy, consistent with logopenic PPA (Thompson, Mesulam and Weintraub, personal communication) . Notably, subject 2 produced far less ungrammatical sentences, incorrect morphology, or incorrect argument structures than the other patients in this study, who would be classified as non-fluent variant. Earlier literature must be interpreted carefully because of this issue, but when sufficient data are available, the earlier literature confirms that logopenic patients do make some syntactic errors, but are not frankly agrammatic.
Atrophy in logopenic PPA and its relation to syntax
Atrophy in logopenic PPA has been shown using VBM to be most prominent in posterior perisylvian regions including the posterior superior and middle temporal gyri, and the inferior parietal lobe (Gorno-Tempini et al., 2004 . These findings have been replicated with cortical thickness measures Rogalski et al., 2011b; Rohrer et al., 2010; Sapolsky et al., 2010) . These same regions are also hypometabolic in logopenic PPA (Josephs et al., 2010; Rabinovici et al., 2008) . The paragrammatic errors and difficulties with long, syntactically complex sentences may be due to damage to these posterior perisylvian regions.
Relationships between atrophy and syntactic deficits irrespective of variant diagnosis
So far we have discussed the characteristic syntactic and anatomical findings in the three variants. However due to variability between patients and the progressive nature of PPA, it is particularly informative to relate syntactic measures to neural measures across PPA patients irrespective of their variant diagnosis. We will now discuss studies which have taken this approach to syntactic production and comprehension.
We used VBM to identify brain regions where atrophy was predictive of a range of connected speech measures in 50 patients with PPA (all three variants were represented) and 10 with behavioral variant fronto-temporal dementia (Wilson et al., 2010b) . Two syntactic measures were obtained. The first was a composite syntactic measure that incorporated syntactic error frequency as well as the proportion of words belonging to sentences (as opposed to smaller fragments). The second measure was the frequency of embeddings. Both of these measures were most impacted in nonfluent patients, though there was a range of scores in the non-fluent group, and several patients belonging to other variants also had low scores. Both measures were associated with volume loss in left inferior frontal cortex (Fig. 3A) . The composite syntactic measure was also associated with reduced volume in the white matter underlying these regions. In contrast, retracings, which were correlated with syntactic errors in logopenic patients only, were linked to atrophy of posterior perisylvian regions.
Correlations between left frontal atrophy and syntactic production deficits have also been reported in a number of other studies. Rogalski et al. (2011a) used cortical thickness measures in 27 patients with PPA (all three variants were represented) to show that impaired grammatical processing, as assessed by a subset of items from the Northwestern Anagram Test , was associated with atrophy of the inferior frontal gyrus as well as ventral sensorimotor cortex and the supramarginal gyrus. The patients with low scores on this measure were predominantly diagnosed as non-fluent variant. The ventral sensorimotor finding should probably be interpreted with caution since the patient group as a whole did not have significant atrophy in that region. Wilson et al. (2011) , using a qualitative rather than quantitative evaluation of syntactic production deficits, also found that production deficits were linked to inferior frontal atrophy. DeLeon et al. (submitted for publication) found that left inferior frontal atrophy was predicative of syntactic deficits on an elicited production task.
The relationship between atrophy and deficits in syntactic comprehension was investigated by Amici et al. (2007) , who used VBM in 47 patients with PPA (all variants) and 11 other patients with language deficits due to neurodegenerative disease. Comprehension of the most syntactically complex sentences was correlated with volume loss in the left inferior and middle frontal gyri (Fig. 3B) . Overall poor sentence comprehension correlated with atrophy of left temporoparietal cortex. This finding appears to be due to logopenic patients, who performed poorly, possibly due to their impairments in verbal working memory. Several subsequent studies have confirmed that left frontal atrophy is predictive of syntactic comprehension deficits in PPA (Peelle et al., 2008; Sapolsky et al., 2010; Wilson et al., 2011) .
Functional imaging of syntactic processing in PPA
Relatively few studies have used functional imaging to examine language processing in PPA, and only two of these have examined syntactic processing in particular. Cooke et al. (2003) used a sentence comprehension task to study three patients with non-fluent PPA, and found an absence of left inferior frontal activity that was present in controls. However, the small sample size precluded a direct comparison of patients and controls.
In a recent study of 8 patients with non-fluent PPA, we used a parametric sentence comprehension task with 7 conditions varying in syntactic complexity, but matched in other respects (Wilson et al., 2010a) . In 24 normal controls, we found that left inferior frontal cortex as well as the left posterior superior temporal sulcus were modulated by syntactic complexity, as expected based on previous studies (Fig. 4A ). In contrast, in patients with non-fluent PPA, left inferior frontal cortex was not modulated by syntactic complexity (Fig. 4B) . This region showed an equivalent level of activity for syntactically complex and simple sentences. This abnormal pattern was specific to left inferior frontal cortex; the posterior superior temporal sulcus was modulated by syntactic complexity in patients just as it was in controls (Fig. 4C) .
Both of these studies suggest that the left inferior frontal cortex is not only structurally atrophic, but is also functionally abnormal in non-fluent PPA.
8. White matter damage in relation to syntactic deficits in PPA Syntactic processing depends not just on cortical regions, but also on the white matter fiber bundles that connect them. There is increasing evidence that disrupted connectivity might be a significant contributing factor to language deficits in PPA, including syntactic deficits.
Several recent studies using diffusion tensor imaging have provided evidence regarding which tracts are important for syntactic processing. Non-fluent patients, many of whom are agrammatic, have reduced fractional anisotropy, a widely used marker of microstructural damage, in the left superior longitudinal fasciculus (SLF), which includes as a branch the arcuate fasciculus Whitwell et al., 2010) . In contrast, semantic variant patients have reduced fractional anisotropy in the left inferior longitudinal fasciculus and uncinate fasciculus (Agosta et al., 2010; Galantucci et al., 2011; Whitwell et al., 2010) , whereas the SLF/arcuate is damaged to a much lesser extent and only in its temporal part. Logopenic patients have reduced fractional anisotropy only in the temporo-parietal branch of the SLF/arcuate . These group-level associations suggest that the SLF/arcuate may be important for syntactic processing, since it is damaged in the non-fluent variant, who have syntactic deficits, spared in the semantic variant, who do not have syntactic deficits, and partially damaged in the logopenic variant, who have limited syntactic deficits.
In a recent study, we directly examined the relationship between white matter damage in three left hemisphere tracts, and deficits in syntactic production and comprehension . The tracts we examined were the SLF/arcuate, Fig. 3 . Brain regions associated with syntactic deficits in PPA. (A) Voxel-based morphometry was used to identify regions where atrophy correlated with a syntactic production composite measure (red) and/or reduced numbers of embeddings produced (blue) (p < 0.05, corrected for multiple comparisons). Reprinted (with modifications) from Wilson et al. (2010b) . (B) Voxel-based morphometry was used to identify regions where atrophy correlated with deficits in the comprehension of syntactically complex sentences (p < 0.001, uncorrected). Reprinted (with modifications) from Amici et al. (2007) . extreme capsule fiber system, and uncinate fasciculus (Fig. 5A) . We found that damage to the left SLF/arcuate, as quantified by reduced FA, was strongly associated with syntactic deficits in both production (Fig. 5B) and comprehension (Fig. 5C ). This association persisted when gray matter volume in left inferior frontal cortex was taken into account. The PPA patients with the most severe syntactic deficits were of the non-fluent variant. However the relationship between reduced FA in the left SLF/arcuate and syntactic deficits persisted when PPA variant was included as a covariate, indicating that the relationship was not simply a monolithic effect of the whole non-fluent group.
Damage to the extreme capsule fiber system or the uncinate fasciculus was not associated with syntactic deficits in either production or comprehension.
Discussion and conclusions
Taken together, the findings we have reviewed suggest that syntactic deficits in PPA are associated with damage to left inferior frontal cortex, posterior perisylvian cortex, and the dorsal pathways that connect these regions. In contrast, damage to anterior temporal cortex, or ventral tracts, is not linked to syntactic deficits.
Left inferior frontal cortex is not only atrophic in non-fluent PPA, the variant that typically exhibits the most significant syntactic deficits, but this region is also hypometabolic and functionally abnormal, failing to show modulation by syntactic complexity. Left inferior frontal cortex has also been identified in all studies where volume loss or cortical thinning have been correlated with syntactic deficits across patients without taking variant diagnosis into account.
Left posterior perisylvian damage also appears to contribute to syntactic processing deficits in PPA. Most studies have shown that non-fluent patients have atrophy in posterior perisylvian cortex in addition to the more prominent frontal atrophy. In the logopenic variant, atrophy is greatest in posterior perisylvian cortex, and logopenic patients make paragrammatic errors and have difficulties comprehending long, syntactically complex sentences. There is some evidence that in semantic variant PPA, spread of atrophy posteriorly and dorsally is associated with the emergence of syntactic problems. Taken together, these findings suggest that posterior perisylvian regions play an important role in syntactic processing. Possible roles for posterior regions in syntactic processing include integrating lexical/semantic information with syntactic information , retrieving syntactic information associated with lexical items (Snijders et al., 2009; Thompson et al., 2007) , and echoic processes and sensorimotor transformations underlying verbal working memory (Buchsbaum, Olsen, Koch, & Berman, 2005; Buchsbaum et al., 2011) .
The arcuate component of the SLF connects frontal and posterior temporal language regions. Damage to the SLF, including its arcuate component, is associated with deficits in syntactic comprehension and production, above and beyond the contribution of gray matter atrophy. This finding suggests that syntactic processing depends on intact connectivity between anterior and posterior language regions (Papoutsi, Stamatakis, Griffiths, Marslen-Wilson, & Tyler, 2011; Sonty et al., 2007) , specifically via dorsal tracts.
Anterior and inferior temporal regions do not appear to play a key role in syntactic processing, since damage does not result in syntactic processing deficits. This evidence from PPA is consistent with studies showing that surgical resection of anterior temporal cortex does not result in syntactic deficits (Kho et al., 2008) , and with fMRI studies of normal participants showing that posterior but not anterior temporal regions are modulated by syntactic complexity (e.g. Friederici et al., 2009; Wilson et al., 2010a) . However other studies have shown that anterior temporal cortex is more active for syntactic structure than word lists (Humphries, Binder, Medler, & Liebenthal, 2006; Vandenberghe, Nobre, & Price, 2002) . One possible explanation for the activation of anterior temporal cortex in these studies is that it reflects semantic processing. Though many researchers have shown an effect of syntactic structure even when using pseudowords to minimize semantic processing, participants were asked to perform judgments of meaningfulness which may have recruited semantic processes despite the presence of pseudowords (Humphries et al., 2006) . In another study where semantic judgments were not required, anterior temporal cortex was sensitive to combinatorial complexity only in phrases of real words, not pseudowords (Pallier, Devauchelle, & Dehaene, 2011) . Though this issue is far from resolved, the available evidence suggests that left anterior temporal cortex is important for semantic rather than syntactic processing.
The evidence from PPA suggests that ventral tracts such as the extreme capsule fiber system and the uncinate fasciculus are not essential for syntactic processing, since syntax is often entirely or at least largely spared in patients with damage to these tracts. However, several researchers have suggested that ventral tracts may play a role in syntactic processing (Friederici, 2009; Friederici, Bahlmann, Heim, Schubotz, & Anwander, 2006; Griffiths, MarslenWilson, Stamatakis, & Tyler, 2012; Papoutsi et al., 2011; Rolheiser, Stamatakis, & Tyler, 2011; Weiller, Musso, Rijntjes, & Saur, 2009 ). The most direct evidence presented in support of this claim comprises three recent studies from Tyler and colleagues, who observed syntactic deficits in stroke patients with damage to either dorsal or ventral tracts (Griffiths et al., in press; Papoutsi et al., 2011; Rolheiser et al., 2011) . While the authors conducted careful analyses in an attempt to distinguish differential contributions of dorsal and ventral tracts, there were nevertheless no patients who had damage to ventral tracts alone. Most patients with damage to ventral tracts had damage to dorsal tracts also, with the exception of one patient who had additional posterior temporal damage (Griffiths et al., in press ). The data from PPA are thus potentially more informative, because patients with semantic PPA have damage to ventral tracts, yet sparing of dorsal tracts, as well as sparing of frontal and posterior temporal language regions. The fact that they do not show significant syntactic deficits suggests that ventral tracts may not play a direct role in syntactic processing. In natural language processing, dorsal and ventral tracts may interact synergistically (Griffiths et al., in press ), yet syntactic and semantic information may be to some extent segregated into dorsal and ventral streams.
There are several promising avenues for future research. First, functional imaging studies of syntactic processing in PPA will be invaluable in determining the functional status of atrophic regions, as well as any cortical reorganization that may occur when brain regions important for syntactic processing are damaged. In particular, functional imaging studies in semantic variant PPA could shed light on the question of why syntactic processing is spared when anterior temporal regions are damaged, given that these regions may be modulated by the presence of syntactic structure in controls. More generally, correlations between brain and behavior will be increasingly informative as the nature of the neural changes due to neurodegeneration are more comprehensively quantified through a wide range of neuroimaging modalities including functional MRI, tractography and perfusion imaging.
Second, there is a need for increasing sophisticated assessment of syntactic deficits. Most tasks that have been used, even those that have been optimized for PPA, are dependent on working memory and executive processes that are compromised to some extent in many patients. Online studies that tap syntactic processing in a more covert manner (e.g. Peelle et al., 2007; Tyler et al., 1997) may prove more appropriate for delineating which aspects of syntactic processing are impaired and which are spared.
Third, increasingly large cohorts of PPA patients recruited at major centers and studied longitudinally will increase our understanding of the heterogeneity among patients diagnosed with each variant and the changes that take place over time. It should be possible to determine why agrammatism predominates in some patients with non-fluent PPA, whereas motor speech deficits are more salient in others. Non-fluent PPA has been associated with both Tau and TDP-43 pathologies. Future studies should be able to determine whether the different underlying pathologies result in different patterns of regional atrophy, and whether the nature and extent of syntactic deficits depends on the underlying pathology (Deramecourt et al., 2010; Snowden et al., 2011) .
The last two decades have seen significant progress in understanding the neural correlates of syntactic deficits in PPA. As multimodal neuroimaging techniques and sophisticated neurolinguistic assessments are applied to increasing numbers of patients, we will learn more about the neural basis of syntactic deficits in PPA and about the functional anatomy of syntactic processing.
